Infrared absorption has been used to determine the crystal-field levels of the 2 F 7/2 excited multiplet of trivalent cerium doped into scheelite structure LiYF 4 single crystals. A crystal-field analysis well accounts for a total of six experimentally observed energy levels and the ground state g-values as previously determined by electron paramagnetic resonance, whilst intensity simulations confirm the experimentally assigned level symmetries. Temperature dependent spectral line broadening measurements highlight the importance of coupling to low frequency phonon modes of the YF 8 tetrahedron.
Introduction
There has been much interest in trivalent cerium doped fluoride crystals, both fundamental spectroscopy (see for example, [1, 2, 3] ) and with a view to applications such as the development of UV tunable lasers [4] or fast scintillators [5] . As a consequence, LiYF 4 :Ce 3+ has been the focus of many investigations, albeit 5 * Corresponding author Email address: jon-paul.wells@canterbury.ac.nz (Jon-Paul R. Wells ) nearly exclusively optical measurements of interconfigurational transitions [6] or ground state electron paramagnetic resonance (EPR) studies [7] . However a large number of Ce 3+ doped solid state gain media suffer from either strong excited state absorption (ESA) or ESA followed by the formation of pump induced photochromic centres [8] leading to poor laser performance in some cases. In this work, we focus on the much less studied intra-4f transitions occurring between the spin-orbit split 2 F 5/2 and 2 F 7/2 multiplets in the infrared region of the spectrum.
Experimental Details
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Large single crystals of LiYF 4 doped with trivalent cerium were grown using the vertical Bridgman-Stockbarger technique [9, 10] . The furnace growth chamber was filled with greater than 1 atm pressure of highly purified argon gas to minimise evaporative losses. LiYF 4 incongruently melts at a temperature of 819
• C with a composition of 49 mol % YF 3 and 51 mol % LiF. The crystal growth 25 was unseeded in graphite crucibles and the as grown boules were unoriented.
Infrared absorption spectra were recorded at 0.25 cm Figure 1 shows the 10 K infrared absorption spectrum of a 4. 
Results and Discussion
Infrared Absorption Spectra
Crystal-Field Analysis and Simulated Spectra
In order to unambiguously assign irreps to the Ce 3+ energy levels from the transitions observed in the infrared spectrum, a crystal-field analysis was performed,
followed by a calculation of the expected transition intensities. To achieve this, we note that the energy of the Z 2 γ 5,6 state has been determined to be 216 cm
from high resolution 4f n−1 5d →4f n emission spectra [15] and the ground state g-values (magnetic splitting factors) are known from EPR [7] . As such our analysis is based upon fits to both the experimental energy level data and the
The effective Hamiltonian describing the energy levels of the Ce 3+ ions has the form
where H FI corresponds to the free-ion term (and contains only the spin-orbit interaction), H CF is the crystal-field Hamiltonian and H Z represents the Zeeman interaction. The parametric Hamiltonian appropriate for S 4 symmetry is given by:
where B et al. [15] . Additionally, by weighting the contributions to the least squares χ 2 , it was possible to establish that an accurate fit to the g-values is essential in order to obtain crystal-field parameters that are consistent with the parameter trend established in reference [19] . A recent study [20] Tables 1 and 2 show good agreement between the experimental and ab-initio energy levels and the fitted and ab-initio parameters. Gaussians were estimated from the experimental spectrum.
Spectral Line Broadening
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The effect of electron-phonon coupling on the spectral lines of optically active ions in solids is to increase the spectral linewidths and to induce a temperature dependence in the spectral line position [22] . The temperature dependent spectral linewidth has contributions from inhomogeneous broadening ∆ν inh (which is temperature independent, arising from strains and defects in the host lattice) as well as all processes contributing to the homogeneous (or dynamic) linewidth, ∆ν hom . The homogeneous linewidth is determined by population relaxation (such as radiative or non-radiative decay) as well as dephasing processes such as elastic phonon scattering (often termed the 'Raman process' in the literature [14] ). Detailed models of the electron-phonon interaction for lanthanide ions have been developed [23] and applied to interconfigurational 4f n →4f n−1 5d
transitions observed for several ions in LiYF 4 [24] . Here we employ a simple and commonly used model which highlights the essential physics. For the infrared transitions of Ce 3+ , we model the temperature dependent contribution from population relaxation as direct multiphonon emission and phonon absorption between the levels of the 2 F 7/2 multiplet. This gives rise to an expression 6 of the form:
where x = ω/kT . n p and n k are the Bose-Einstein occupation numbers of the 
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As can be seen this yields an improvement; however, the low temperature data is poorly approximated. Given the apparent significance of low energy phonons, and in order to account for the data, we abandon the Debye model and consider
Raman dephasing processes involving a single phonon mode. In this case we may write for the second term in equation (3):
with n ω the appropriate Bose-Einstein factor. Following [13] , we note that for By contrast, the solid line (which differs only in that the Raman dephasing process is set to occur through a single phonon mode at 105 cm −1 ) fits the data reasonably well for α=11.5 cm −1 .
Conclusions
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Combining infrared absorption as well as previously measured high resolution 
